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Abstract 
A compact multifunctional Pd/alumina hollow fibre membrane reactor (HFMR) has been developed and used for the catalytic 
dehydrogenation of methylcyclohexane to toluene. The developed HFMR consists of a thin and defect-free Pd membrane of 5 μm coated 
directly onto the outer surface of an alumina hollow fibre substrate. The substrate, was prepared by a phase inversion/sintering method, 
possess a unique asymmetric structure which can be characterised by a very porous inner surface from which finger-like voids extend 
across approximately 80 % of the fibre cross-section with the remaining 20 % consisting of a denser sponge-like outer layer. A 50 wt% 
Ni/Al2O3 catalyst is directly deposited into the asymmetric support, with a fraction of catalyst particles distributed uniformly in the finger-
like macro-voids while the others on the lumen surface forming a - -like layer. A significant increase in gas permeation 
resistance occurs due to this - -like catalyst layer when the catalyst loading (weight per unit fibre length) is above 2.3 mg cm-1. 
Methylcyclohexane conversion increases with the increasing temperatures, because of the endothermic nature of the reaction; while 
decreases with the higher sweep gas flow rates due to the more serious catalyst deactivation in the HFMR. For a HFMR with 1.0 -1 
of catalyst loading, methylcyclohexane conversion of approximately 26% can be achieved at 610 °C with the sweep gas flowrate of 20 ml 
min-1, while for a porous membrane reactor and a fixed-bed reactor the methylcyclohexane conversion of 50% and 25% can be achieved 
at identical operating temperature. 
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1. Introduction 
Hydrogen has been considered as a potentially long-term solution to world energy needs [1,2]. Although great attention 
has been focused on hydrogen as a clean secondary energy, there are still a number of challenges particularly in 
transportability and storability. Numerous H2 storage methods, i.e. liquefied H2, pressurized H2, metallic hydrides, graphite 
nanofibres and  carbon nanotubes adsorption, are considered too expensive for potential applications [3]. While H2 storage 
in the form of organic chemical hydrides, such as cyclohexane, methylcylohexane and decalin with relatively high hydrogen 
content, i.e. 6 8% on weight basis and ca. 60 62 kg m-3 on volume basis, sounds promising and has been widely 
investigated as an alternative storage method [4]. Due to the high boiling points, liquid organic hydrides are a potentially 
safe media as hydrogen carriers [5,6]. 
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Additionally, the advantages of using the cycloalkanes as a hydrogen carrier include the supply of hydrogen without the 
production of noxious gases such as carbon-monoxide (CO), as well as the production of recyclable aromatic products [7,8]. 
In this respect, the catalytic dehydrogenation of cycloalkanes has been reported in several studies as a viable option for 
delivery of hydrogen [9].  
In the last several decades, inorganic catalytic membrane reactors (CMR) combining catalytic reaction and separation 
into a single unit have attracted extensive attention in the research community [10-13]. This research area can be divided 
into two major categories for dense CMRs, in view of the functions of the membrane. The first is the use of a membrane to 
selectively remove a product from a reaction that is limited by chemical equilibrium [14,15], shifting the reaction towards 
the product side and simplifying subsequent product separations. The second is the use of a membrane to simultaneously 
purify and uniformly distribute a reactant throughout the reactor [16,17], which offers a high level of control over how the 
reactants get into contact. Use of palladium (Pd) or Pd-alloy membranes i
- a critically important energy carrier - from a reaction, have been proved experimentally and theoretically to be efficient in 
enhancing conversions and/or lowering operating temperatures of endothermic, equilibrium-limited reactions [18,19] such 
as dehydrogenation of MCH (C7H14 2+C7H8 , -1)  [20-22]. Thin and defect-free Pd or Pd-alloy 
membranes with high hydrogen permeability and selectivity can be supported by porous alumina hollow fibres [23-28] with 
up to now the highest surface area/volume value, demonstrating the advantages of using composite membranes of this type 
in hydrogen separation. Moreover, in a recent work by Kingsbury et al. [29], porous alumina hollow fibres with a unique 
asymmetric pore structure, i.e. a sponge-like outer layer and a finger-like inner layer, have been developed via a one step 
dry-wet spinning/sintering technique [23]. Such alumina hollow fibres have been utilized for the fabrication of a highly 
compact hollow fibre membrane reactor (HFMR) for propane dehydrogenation [30] and water gas shift (WGS) reaction [31] 
by directly coating a thin Pd/Ag membrane onto the outer surface of the alumina hollow fibres, and depositing catalyst into 
the finger-like inner layer [32]. 
In contrast to the previous researche where catalysts were prepared via washcoating [30] and sol-gel methods [31] 
inside the hollow fibre pore structure, a 50 wt% Ni/Al2O3 catalyst was prepared in the present study by a conventional wet 
impregnation method, using a nano-sized catalyst support. The catalyst was directly deposited into asymmetric alumina 
hollow fibre supports. The asymmetric hollow fibres composed of an asymmetric pore structure, i.e. a sponge-like outer 
region and a finger-like inner region, have been prepared using a combined phase inversion and sintering technique [29]. A 
thin Pd membrane of for H2 separation is then electrolessly plated on the outer surface of the support to 
develop a multifunctional hollow fibre membrane reactor (HFMR) for dehydrogenation of MCH to toluene. A porous 
membrane reactor (PMR) without a Pd layer was also prepared for the purpose of comparison. The prepared hollow fibres 
with deposited catalyst were characterized using SEM and EDS to investigate the distribution of the catalyst particles in the 
hollow fibre. The effects of catalyst loading on gas permeation resistance have been investigated as well. 
2. Experimental 
2.1 Material 
The following sub-sections describe the materials needed to produce alumina hollow fibres and Pd membrane. 
2.2 Alumina Hollow Fibres 
 
Aluminium oxide powders -8 m2 g-1 -alpha, 99.5% metals 
basis, S.A. 32-40 m2 g-1 -alpha, 99.98% metals basis, S.A. 100 m2 g-1) were purchased from Alfa 
Aesar and were used as supplied. Polyethersulfone, (PESf, Radel A-300, Ameco Performance, USA), N-methyl-2-
pyrrolidone (NMP, HPLC grade, Rathbone) and Arlacel P135 (Uniqema, UK) were used as binder, solvent and additive, 
respectively. DI water and tap water were used as the internal and external coagulants, respectively, for the fabrication of 
alumina hollow precursor fibres. 
 
2.3 Electroless Plating of PD Membrane 
 
Tetraamminepalladium(II) chloride monohydrate  (99.99% metals basis, Sigma-Aldrich), EDTA (IDRANAL®III, 
Riedel-de Haen), ammonium hydroxide (28%, Sigma-Aldrich) and hydrazine hydrate (Sigma-Aldrich) were used for 
preparing the Pd plating solution, whereas tin(II) chloride dehydrate (puriss. p.a., Sigma-Aldrich), hydrochloric acid (37%, 
AnalaR NORMAPUR) and palladium (II) chloride (99.999%, Sigma-Aldrich) were used for preparing the activation 
solutions whilst nickel(II) hexahydrate (99%, Acros Organics) was used as a catalyst pre-cursor. 
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2.4 Asymmetric Alumina Hollow Fibre Substrates 
Asymmetric alumina hollow fibre substrates were fabricated via the combined phase inversion and sintering technique 
[23]. 
 
2.5 Catalyst Preparation 
 
The -Al2O3 -Al2O3 powders (60-80 nm particle size) with 
nickel (II) nitrate hexahydrate catalyst precursor. First, 10 g of -Al2O3 was added into 50 ml de-ionized water and was 
heated on a hot plate at 90°C. To obtain a nickel loading of 50% wt. on the support, 49.5 g nickle (II) nitrate hexahydrate 
-Al2O3 suspension. The suspension was stirred and heated at 90°C 
until it became very thick and paste-like. The catalyst paste was dried at 110ºC overnight in the oven and calcined at 550ºC 
for 4 h with heating and cooling rates of 5ºC/min, and was finally crushed into powder.  
2.6 Catalyst Deposition in the Hollow Fibre Substrate 
 
35 mg of crushed catalyst was dispersed in 250 ml of deionised water and sonicated for 20 minutes, no dispersing agent 
was added in the catalyst suspension. The prepared catalyst was then deposited in the hollow fibre supports, using a process 
illustrated in Fig. 1. Assuming uniform catalyst deposition along the 35 cm length of the hollow fibre, it is expected that 
approximately 1 mg catalyst can be deposited per unit centimetre length. The obtained suspension was then transferred into 
a metal syringe of 50 ml and pressurized (60 psi) through the porous alumina support as shown as well in Fig. 1.  One end 
of the fibre was blocked by epoxy while the other end was sealed into the syringe. Catalyst particles, in this case, can be 
deposited inside the porous hollow fibre supports with only clear water penetrating through the fibre. Catalyst loading can 
thus be controlled by repeating the deposition process of this type. The impregnated fibres were then dried in oven at 110ºC 
overnight. 
 
 
 
 
 
 
 
 
 
 
Fig. 1. Direct deposition of -Al2O3 catalyst into hollow fibre substrates 
2.7 Electroless Plating of PD Membrane 
 
The two ends of the impregnated fibres were sealed with epoxy prior to surface activation and electroless plating of Pd 
membrane. The length and OD of fibres to be activated and plated are 25 cm and 1.89 mm. No glaze materials were used to 
control the H2 permeation zone; instead, the Pd coating layer covered the entire membrane length. The substrate activation 
steps were carried out as in the preceding chapters. During activation of the membrane reactor, each activation solution was 
directly sprayed onto the membrane outer surface for 30 seconds for 8 loops of activation. 
 
2.8 Characterization of HFMR 
 
The morphology of the asymmetric alumina hollow fibre substrates, the coated Pd membranes and the one impregnated  
with -Al2O3 catalyst were visually observed using a scanning electron microscope (SEM, JEOL JSM-5610LV, 
Tokyo, Japan) and a field emission scanning electron microscope (FE-SEM, LEO1525, Carl Zeiss SMT Ltd). An EDS 
analysis (INCA Energy by Oxford Instruments) was employed to investigate the catalyst distribution across the substrates. 
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2.9 MCH Dehydrogenation Reaction in HFMR 
 
For the purpose of comparison, MCH dehydrogenation reaction was carried out in three different types of reactors, i.e. 
fixed-bed reactor (FBR), PMR (without the Pd membrane) and HFMR at atmospheric pressure over a temperature range of 
300 600 °C. To match with the amount of catalyst deposited into the hollow fibre, a fixed-bed reactor was operated with 
0.035 g catalyst diluted by 1.35 g carborundum particles. The reactor configuration and pre-treatment are similar as in the 
catalyst screening test mentioned above. 
For the porous and Pd membrane reactor, the hollow fibres were placed in the ceramic tubular column where the two 
ends were sealed in Swagelok fittings with quick-set epoxy. The overall experimental set-up is illustrated in Fig. 2 . The 
activation of Pd membrane and catalyst was performed simultaneously using pure hydrogen (10 and 30 ml min-1 in lumen 
and shell, respectively) at 400ºC for 2 hours, while the PMR was activated by permeating the H2 across the fibre. Prior to 
the reaction, the reactor was purged with argon to remove hydrogen from the previous catalyst activation steps. During the 
reaction, 10 mole % of MCH was constantly fed into the reactor by saturating 10 ml min-1 of Ar with MCH vapour in a 
jacketed saturator as depicted in Fig. 2. The temperature of liquid MCH in the saturator was maintained at 35°C using an 
external heating bath that continuously circulates heated water to the saturator. 
 
 
 
 
 
 
 
 
 
 
 
 
 
Fig. 2. Experimental set-up for MCH dehydrogenation reaction 
Variable sweep gas flow rates (20, 40, 60 ml min-1) were fed counter-currently at the shell side of the reactor module. 
The concentration of H2 was measured in the lumen, shell and both sides separately by means of  appropriate manipulation 
of valve V1 and V2 as in Fig. 2. All streams containing hydrogen were channelled to TCD gas chromatography (Varian-
3900) for measurements, while the actual flow rate was measured using a soap-bubble meter. The GC injections for product 
analysis were repeated three times for more reliable and reproducible results.  
3. Result and Discussion 
3.1 Selection of Dehydrogenation Catalyst 
 
A fixed-bed reactor experiment has been carried out to choose the suitable catalyst for MCH dehydrogenation reaction, 
the results of which are shown in Fig. 3. Generally, both commercially and home made catalyst of -Al2O3 
exhibits better activity than 0.5 wt% Pt/Al2O3 commercial catalyst, as they remain active above 300°C without showing any 
signs of deactivation as observed in 0.5 wt% Pt/Al2O3 catalyst. On the other hand, 0.5 wt% Pt/Al2O3 shows better activity at 
lower temperatures, with approximately 60% conversion at 250°C.  This concludes that 0.5 wt% Pt/Al2O3 catalyst is 
inappropriate to be used in association with Pd membrane, because an operating temperature above 300°C is required to 
avoid hydrogen embrittlement. 
Fig. 3 further indicates that, MCH conversions on both Ni-based catalysts are comparable (~50%) until the operating 
temperature is 350°C, above which temperature the -Al2O3 commercial catalyst starts to exhibits better 
conversion. However due to larger particle size of -Al2O3 
commercial catalyst, it is impossible to impregnate the catalyst particles into the finger-like voids whose pore entrance is 
between 6- 50 wt% Ni/ -Al2O3 catalyst is finally selected for the subsequent work. 
75 M.D. Irfan Hatim et al. /  Procedia Engineering  53 ( 2013 )  71 – 80 
0
10
20
30
40
50
60
70
80
90
100
0 100 200 300 400 500 600
Temperature [0C]
C
on
ve
rs
io
n 
(%
)
50% Ni/alumina (commercial)
50% Ni/alumina (home made)
0.5% Pt/alumina (commercial)
e perature (oC)
C
on
ve
rs
io
n 
(%
)
C
on
ve
rs
io
n 
(%
)
C
on
ve
rs
io
n 
(%
)
 
Fig. 3. Catalyst screening of MCH dehydrogenation reaction 
3.2 Catalyst Distribution 
-Al2O3 catalyst was successfully impregnated into the asymmetric hollow fibre substrates as shown in 
Figure 4 and Figure 5, using the method described in section 2.2.4.  A thin catalyst layer can be observed in the finger-like 
void of the asymmetric alumina substrates, while the sponge-like regions remained unaffected. This is one of the preferred 
characteristics of catalyst deposits, which results in more efficient mass and/or heat transfer [39]. In such a fibre, each finger 
like void functions as a micro-channel which can be analogous to the channels that are traditionally fabricated for 
microreactor applications. Therefore, by using inorganic hollow fibres with a unique asymmetric pore structure with an 
extreamly high surface area to volume ratio, a highly compact multifuctional catalytic membrane reactor can be realized. 
An additional benefit of having this kind of impregnation method is that commercial catalysts which have been 
carefully optimized can be directly impregnated with less effort taking into account a reasonable catalyst particle size and 
accessible pore entrance size of the substrates.  However, physical bonding between catalyst deposits and the substrate can 
be an issue characterised by poor adhesion. Alternatively, catalyst preparation methods such as sol-gel and washcoating can 
be employed with satisfactory adhesion. However, it is difficult to achieve required catalyst composition by using these 
methods, which would greatly affect the catalyst activity and performance.  
After impregnating the -Al2O3 catalyst
analysis shown in Figure 5-50 indicates that Ni actually distributes evenly across the selected area of finger-like voids of the 
fibre.  
 
Catalyst in 
the finger-like 
voids
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Fig. 4. SEM-EDS analysis of Ni catalyst observed on finger-like voids 
3.3 Dehydrogenation of MCH to Toluene in PMR 
MCH dehydrogenation reaction was carried out in a PMR together with the equivalent FBR operated in the temperature 
range of 450 to 700ºC for comparison. There are two types of PMR operations being investigated which depend on flow 
direction, i.e. axial and radial flow. For an axial flow PMR, reactant is allowed to flow in the lumen in an axial direction 
from one end to another end while for a radial flow PMR, the outlet flow is fully closed allowing reactant to flow in radial 
direction across the porous asymmetric microstructure consisting of finger-like voids and a sponge-like layer. As indicated 
in Figure 6, the conversion increases with temperature as a result of the endothermic nature of the dehydrogenation reaction. 
At ca. 650ºC, the respective maximum conversion attainable for FBR, axial flow PMR and radial flow PMR are 25%, 40% 
and 50%.   
The lower conversion in FBR is believed to result from a higher pressure drop which is often the major disadvantage of 
a fixed bed reactor configuration in conjunction with poor reactant transport to the catalyst surface [32]. In relation to the 
higher pressure drop, the reaction equilibrium is shifted towards the reactant side for MCH dehydrogenation reaction (MCH 
2 + TOL), due to the higher number of molecules in the product side, resulting in lower conversion for fixed-bed 
operation. Although the amount catalyst used in the porous reactor is three times lower than the FBR, the radial flow of 
PMR attained twice the conversion compared to FBR with equivalent reactant flow rate. 
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Fig. 6. Conversion as a function of temperature for FBR and PMR 
The improvement in the conversion enhancement in PMR is due to the presence of micro-channels in the finger like 
region where a thin layer of catalyst is dispersed resulting in improvement of the catalyst surface to volume ratio as well as 
enhancement in heat and mass transfer properties [30,41].  
 
3.4 Dehydrogenation of MCH to Toluene in HFMR 
 
As can be seen in Figure 7, MCH conversion increases with temperature, which is in agreement with the endothermic 
nature of the dehydrogenation reaction. However, the conversion declines with the increasing sweep gas flowrate. For all 
the temperatures tested, the maximum conversions of MCH are obtained at a sweep gas (SG) flowrate of 20 ml min-1, which 
are 26.4%, 18.7%, 8.86% and 3.12% at 610ºC, 542ºC, 474ºC and 407ºC, respectively. Interestingly, the maximum 
conversion for HFMR is almost equal to the FBR at around 600°C with equivalent reactant flowrate as in PMR and FBR 
cases. 
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Fig. 7. Percentage conversion of MCH as a function of reaction temperature 
 
The decrement in MCH conversion at higher sweep gas flow rates can be due to a number of reasons. Firstly, it can be 
caused by heat removal by argon gas, which eventually reduces heat available for endothermic reaction. In fact, argon gas 
with higher heat capacity provides a cooling effect on the membrane reactor. In order to minimize the heat effect on 
conversion, the sweep gas has to be preheated to the reaction temperature prior to being fed to the reactor. Other 
possibilities for the lower conversion are due to catalyst deactivation. It is believed that a higher sweep gas flow rate 
resulted in a higher hydrogen extraction rate, causing more serious catalyst deactivation [42]. In commercial 
dehydrogenation operations, the generation of hydrogen from the reaction serves to reduce carbon formation tendency. 
Although the removal of generated hydrogen in a membrane reactor should contribute to an increase in conversion and yield 
of reaction, it aggravates the formation of carbon. This may block the surface of a catalyst, foul the reactor, or even 
accumulate on the membrane surface blocking further hydrogen permeation [43]. Instead of removing hydrogen as soon as 
it forms, a certain amount of hydrogen should be deliberately kept in the reaction zone to mitigate catalyst deactivation, 
although the conversion of the reaction is reduced at the same time.  
In addition, the lower conversion of HFMR might be due to catalyst contamination by the electroless plating solution. 
During membrane reactor preparation, catalyst was deposited first into the substrate followed by Pd coating. As a result of 
this sequence, plating solution may seep into the substrate pore at some extent via capillary force and eventually reach the 
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catalytic area of the substrate. The intrusion of Pd deposits can be clearly seen in Figure 8. This fact is in agreement with 
Rahman et al. [31] who observed copper catalyst leached out by one of the electroless plating constituents i.e., ammonia and 
EDTA, forming copper metal complex. 
 
 
Pd deposit 
intrusion
Pd layer
 
Fig. 8. Palladium intrusion into alumina substrate during electroless plating 
Figure 9 illustrates H2 permeation rate across the Pd membrane as a function of temperature and sweep gas flowrate. The 
permeated hydrogen has 99.9% purity confirmed by the GC. This indicates that the Pd membrane is completely dense and 
the membrane sealing is in good condition throughout the reaction. At higher temperatures more hydrogen was formed in 
the lumen and resulted in a larger driving force available for hydrogen permeation. Furthermore, at higher operating 
temperatures, the permeability of Pd membrane increases, which also facilitates H2 extraction from the reaction zone. 
Nevertheless, the increase of sweep gas (SG) from 20 to 60 ml min-1 reduces hydrogen permeation rates due to the cooling 
effect which remarkably influences the local temperature dependent properties of both reactions kinetic and permeability of 
Pd membrane. Furthermore, it is believed that hydrogen produced in the reaction zone is the rate limiting step while the 
hydrogen permeation rate through Pd membrane is comparatively faster Error! Reference source not found.. The 
continuous hydrogen extraction increases the demand for hydrogen by the catalyst to remain active. This eventually 
exacerbates the reduction in catalyst performance in the long run through coke formation and finally decreases the overall 
conversion [12]. Therefore, use of coking-resistant catalyst with great catalytic activity is critically important to further 
improve the performance of the membrane reactor.  
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Fig. 9. H2 permeation rate as a function of temperature 
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4. Conclusion  
A comparison of the performance of the three reactor designs in this study, i.e. FBR PMR and HFMR for 
methylcyclohexane (MCH) dehydrogenation reaction clearly indicates that, depositing catalyst into the finger-like macro-
voids of asymmetric alumina hollow fibres significantly increases the efficiency of the reaction, by improving the 
interaction between reactants and the catalyst layer. As a result of which, a higher level of MCH conversion over a 
conventional membrane reactor with packed catalyst can be achieved. 
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